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Dynamic simulations of the isotropic-nematic phase transformation of liquid crystal droplets under
homeotropic anchoring are found to predict chiral symmetry-breaking dynamics. These observations
occur when using material parameters for pentyl-cyanobiphenyl (5CB) but not under the single
elastic constant approximation of this material, frequently used in simulation. The twisting dynamic
process occurs during the relaxation of the domain from an unstable radial texture to a stable uniform
texture and involves simultaneous defect loop motion and twisting of the bulk nematic texture.
Chiral symmetry-breaking equilibrium textures in de-
formable and nondeformable droplets of achiral nematic
liquid crystals (LC) have long been observed for a broad
range of LC compounds and conditions [1–5]. Press and
Arrott [6] first predicted equilibrium twisted radial tex-
tures in nematic droplets and found them stable for ne-
matic LCs with twist deformations preferred over splay
and bend. Since then, the existence of a wide variety
of twisted equilibrium textures have been observed both
experimentally [1, 3, 4] and via simulation [2, 5] for ne-
matic domains with length scales ranging from nanoscale
to macroscale. Recently, chiral symmetry breaking in ne-
matics has taken on even more importance due to the dis-
covery of chromonic and bent-core nematic compounds
which exhibit previously unobserved nematic elasticity
properties [7].
Most of the observed chiral symmetry-breaking phe-
nomena in achiral nematic LCs have involved spheri-
cal nematic droplets, which serve as ideal geometries for
studying the interplay between surface and bulk elastic
effects on nematic texture. Furthermore, the study of ne-
matic droplets is technologically relevant to applications
such as biological sensing [8] and polymer-dispersed liq-
uid crystal (PDLC) film-based smart glass [9].
Experimental research on nematic LC domains has
been limited to relatively large length (µm) and time
(ms) scales compared to the characteristic scales of ne-
matic LCs (nm, µs). Nematic textures are typically ana-
lyzed using polarized optical microscopy or fluorescence
confocal polarizing microscopy [10], which has adequate
resolution for LC domains of at least a few micrometers in
diameter. While deuterium nuclear magnetic resonance
[11] and other more advanced imaging methods [12] are
able to access dynamics at µm and µs resolutions, it
still remains highly nontrivial to study texture dynamics
for nanoscopic droplets at relevant time scales. Alterna-
tively, simulations using molecular and continuum mod-
els have shown significant promise for augmenting exper-
imental research through direct access to characteristic
LC scales. Continuum simulations, recently reviewed in
ref. [13], have been increasingly able to capture complex
LC physics including phase formation, defect dynamics,
heat transfer, and hydrodynamics.
In this work, continuum simulations are performed of
the formation of an initially isotropic phase nematic LC
confined within a nanoscale nondeformable droplet with
weak homeotropic surface anchoring conditions. Past re-
search has shown that as the size of a nematic droplet de-
creases, the equilibrium nematic texture transitions from
a radial configuration with a +1/2 disclination loop to
a defect-free uniform texture [14]. This transition re-
sults from the competition between the bulk elasticity
and surface anchoring effects. The simulations presented
here are performed within the droplet size and surface an-
choring strength regime where the uniform texture is sta-
ble. Beginning at the initial quench, nematic formation
occurs, initially forming an unstable radial-like texture.
Subsequently, a spontaneous symmetry-breaking twist-
mediated defect escape mechanism is observed for ma-
terial parameters corresponding to pentyl-cyanobiphenyl
(5CB) prior to the droplet evolving to the equilibrium
uniform texture. Notably, this dynamic mechanism does
not occur under the single-constant approximation fre-
quently used in LC simulations. In such an approxima-
tion, physically realistic differences between the modes
of elastic deformation are neglected and the elastic free
energy is parameterized by a single elastic constant.
Nematic order is modelled through the use of a
symmetric-traceless second-rank tensor order parameter
or alignment tensor [15, 16]
Qij = S
(
ninj − 1
3
δij
)
+ P (mimj − lilj) (1)
where S ∈ [−0.5, 1] quantifies the degree of local uniaxial
alignment, n is the nematic director (major eigenvector),
and P quantifies the degree of biaxial alignment asso-
ciated with the two minor eigenvectors m and l. The
Landau–de Gennes (LdG) free energy density is given by
[15]
f − fiso = fb(Q, T ) + fel(Q,∇Q) (2)
ar
X
iv
:1
70
7.
04
64
1v
1 
 [c
on
d-
ma
t.s
of
t] 
 14
 Ju
l 2
01
7
2where the bulk or thermodynamic contribution is
fb =
1
2
a0(T−Tni)(QijQji)+1
3
b(QijQjkQki)+
1
4
c(QijQji)
2
(3)
where a0, b, and c are material parameters and Tni is
the theoretical second-order nematic-isotropic transition
temperature. The elastic contribution to the free energy
density is [17, 18]
fel =
1
2
L1(∂iQjk∂iQkj) +
1
2
L2(∂iQij∂kQkj)
+
1
2
L3(Qij∂iQkl∂jQkl) +
1
2
L24(∂kQij∂jQik)
=
1
2
L1G1 +
1
2
L2G2 +
1
2
L3G3 +
1
2
L24G24 (4)
which incorporates the full anisotropy in nematic elastic-
ity for nonzero elastic constants Li.
The values used for the thermodynamic parameters are
documented in ref. [19]. Elastic parameters Li are es-
timated from experimental measurements of the elastic
constants from the Frank-Oseen free energy density [20]:
ff =
1
2
k11(∇·n)2+1
2
k22(n·∇×n)2+1
2
k33(n×∇×n)2
− 1
2
(k22 + k24)∇ · ((n×∇× n) + n(∇ · n)) (5)
where coefficients k11, k22, k33 and k24 are elastic con-
stants associated splay, twist, bend, and saddle-splay ne-
matic deformations, respectively. For 5CB, Frank-Oseen
elastic constants were used from past work [21–24] where
k11 and k33 were take from ref. [21], k22 = 0.66k11 from
ref. [23], and k24 = k22 from refs. [23, 24].
The appropriate conversion to the LdG elastic con-
stants is then performed under the assumption of uniax-
ial Q and uniform S [18]:
L1 =
1
6S2
(k33 − k11 + 3k22) (6)
L2 =
1
S2
(k11 − k22 − k24) (7)
L3 =
1
2S3
(k33 − k11) (8)
L24 =
1
S2
k24. (9)
This results in the following constants assuming S = Seq
where Seq is the bulk scalar order parameter at equilib-
rium: L1 = 9.1 pN, L2 = −8.1 pN, L3 = 7.1 pN, and
L24 = 16.6 pN.
Homeotropic surface anchoring, where the preferred
nematic director parallel to the surface normal, is mod-
elled using a quadratic surface free energy density
fs =
1
2
α(Qij −Q0)2 (10)
where Q0 = Seq(νiνj − 13δij) and ν is the surface unit
normal [25]. A surface anchoring strength α = 10−5 J/m2
is used, corresponding to weak anchoring [9, 14]. At the
simulated temperature T = 307 K, which is slightly below
Tni for 5CB, Seq ≈ 0.31 [19].
Nematic dynamics are simulated using a time-
dependent Ginzburg-Landau model (model A dynamics)
[26],
∂Qij
∂t
= −µ−1r
[
δF
δQij
]ST
, (11)
where F =
∫
V
f dV +
∫
S
fs dS is the total free energy,
µr is the rotational viscosity of the nematic phase, ap-
proximately µr = 0.055 Ns/m
2 for 5CB [27], and [ ]ST
indicates the symmetric traceless component of the ten-
sor. The initial condition used for all simulations is an
isothermal isotropic phase droplet immediately following
a quench below Tni with a thin homeotropically-aligned
boundary layer at the droplet surface, corresponding to a
heterogeneous nucleation [28]. Numerical solution of the
model was performed using the finite element method [29]
with tetrahedral mesh elements of scale of approximately
10 nm, on the order of the nematic coherence length. The
droplet geometry used was slightly oblate, being com-
pressed by 2% of the sphere diameter along the z-axis.
This oblateness results in a small preference for align-
ment along the z direction which eliminates a possible
degeneracy in overall droplet alignment that arises from
a perfectly spherical shape. This degeneracy could result
in a saddle point in the free energy leading to anomalous
dynamics [30].
Simulations were performed using both 5CB elasticity
parameters and the single elastic constant approxima-
tion in which L1 > 0 and L2 = L3 = L24 = 0. This
corresponds to k11 = k22 = k33, for which the exper-
imental estimate of k11 for 5CB is used, and k24 = 0
[18]. Figure 1 shows visualizations of the time evolution
of the alignment tensor field Q for both elasticity cases,
showing nematic phase formation into a radial nematic
texture followed by relaxation to a uniform texture via
disclination motion and escape. The alignment tensor
field is visualized using hyperstreamlines [31, 32] where
their direction corresponds to the local orientation of the
nematic director, color to the magnitude of S, and ec-
centricity of their cross section to the magnitude of P .
For both cases, the initial formation dynamics (Fig-
ure 1a–d) observed are consistent with past dynamic sim-
ulation results [19], in which the stable nematic phase
initially grows freely into the center of the domain but
eventually slows due to capillary effects and forms a +1/2
disclination loop. The resulting fully-formed nematic do-
main has a radial nematic texture (Figure 1d) due to
topological constraints imposed through the combina-
tion of homeotropic anchoring and spherical confinement.
However, the competition between surface anchoring and
bulk elasticity results in this radial texture being unsta-
ble, causing relaxation of the nematic domain to continue
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FIG. 1: (Color online) Hyperstreamline visualizations of the evolution of the alignment tensor field for a droplet of
R = 375 nm: (a–d) Nematic phase formation (qualitatively identical for both elasticity cases), (e–h) defect loop
escape (one-constant elasticity), (i–l) defect loop escape (5CB elasticity), and (m) the equilibrium uniform texture
domain. For (a–l) the z-axis is oriented out-of-plane and for (m) it is reoriented in-plane vertical (for clarity).
toward a uniform defect-free texture (Figure 1m), which
is expected for cases of small nanoscale droplets [14].
The relaxation mechanism for the single elastic con-
stant approximation simulation, shown in Figures 1e–h,
is significantly different compared to that for the 5CB
elasticity case, shown in Figures 1i–l. For the single elas-
tic constant case, the relaxation process occurs in an in-
tuitive way, through simultaneous defect loop motion to-
wards the domain boundary and bulk texture relaxation.
As the defect loop approaches the boundary, the local
anchoring deviates significantly from homeotropic align-
ment and the defect loop “escapes” through the bound-
ary. However, for the 5CB elasticity case, as the defect
loop translates toward the boundary, the alignment in
the surrounding region also rotates about the axis or-
thogonal to the plane of the loop. In this way, defect
motion is accompanied by a simultaneous twist deforma-
tion in the bulk texture. As the defect loop escapes the
boundary through local relaxation of the homeotropic
anchoring, the bulk nematic texture eventually unrav-
els into a uniform state. Qualitatively, this mechanism
results in decreased splay deformation compared to the
single-constant case, at the expense of increased twist
deformation.
In order to analyze these dynamic processes quantita-
tively, it is useful to approximate the individual contri-
butions to the tensorial elastic free energy density (Equa-
tion 4) with respect to the different canonical modes of
nematic deformation from the Frank-Oseen model (Equa-
tion 5). In order to estimate these contributions from
the tensorial LdG form of nematic elasticity, the uniaxial
component of Q was first calculated for each simulation,
corresponding to the first term on the right side of Equa-
tion 1. The derived relations between Li and ki (Equa-
tions 6–9) [18] were then substituted into Equation 4 such
that fel is parameterized in terms of ki:
fel =
1
2S2
k11
(
−1
6
G1 +G2 − 1
2S
G3
)
+
1
2S2
k22
(
1
2
G1 −G24
)
+
1
2S2
k33
(
1
6
G1 +
1
2S
G3
)
− 1
2S2
(k22 + k24) (G2 −G24) (12)
where the energy contributions associated with the dif-
ferent modes of deformation are grouped analogously to
Equation 5.
Figure 2 shows the evolution of these free energy contri-
butions for both cases of elasticity being studied. During
the nematic formation process, the elastic contributions
to the free energy are similar for both cases, in that they
are governed by the stable nematic surface layer where
surface anchoring promotes a radially-oriented nematic
“shell” enclosing an unstable isotropic “core”. Follow-
ing nematic formation, their deformation modes predom-
inantly involve high splay deformation, as expected for
a radial-like texture. For the single-constant case (Fig-
ure 2a), the subsequent radial-to-uniform relaxation pro-
cess involves a monotonic decrease in the splay defor-
mation contribution until the elasticity vanishes entirely,
at which point the domain is uniform. However, dur-
ing the radial-to-uniform relaxation process for the 5CB
elasticity case (Figure 2b), the splay deformation com-
ponent decreases more slowly in comparison and is off-
set by a lesser (energetic) increase in the twist deforma-
tion contribution. This increase in the twist deforma-
tion contribution coincides with the twisting relaxation
process, which is then followed by a decrease in all elas-
tic contributions as the defect loop escapes. Intuitively,
this result reflects the fact that the twist elastic constant
is lower than both splay and bend for 5CB. Thus, for
4the case of 5CB elasticity, the splay-dominated relax-
ation mechanism observed in the single-constant case is a
higher-energy dynamic pathway to equilibrium compared
to the chiral symmetry-breaking twist mechanism. This
interpretation is synonymous with that for equilibrium
twisted-radial droplet textures where the magnitude of
the twist angle in the texture was dependent on the ratio
of twist to splay elastic constants [6].
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FIG. 2: (Color online) Evolution of the approximate
contributions of splay, twist, bend, and saddle-splay
deformation modes to the tensorial elastic free energy
for the (a) single-constant and (b) 5CB elasticity cases.
Additional simulations for nematic droplets with radii
ranging from R = 250–750 nm were then performed using
the 5CB elasticity parameters, all within a scale and pa-
rameter range where the uniform texture is stable. In all
simulations the twist relaxation mechanism was observed
and the time scales of the relaxation, which correspond to
the region of nonzero twist deformation, were measured
(Figure 3). For larger radii (e.g., comparable to those ac-
cessible via polarized optical microscopy), it is expected
that the radial texture resulting from the nematic forma-
tion process would be stable due to the eventual domi-
nance of the surface anchoring energy over the bulk elas-
ticity with increasing droplet size [2, 14], and thus the
twist relaxation mechanism would no longer occur.
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FIG. 3: Time scale of the twist relaxation mechanism
from radial to uniform nematic texture for the 5CB
elasticity case versus droplet radius R, measured from
the end of the formation process until the escape of the
defect loop.
In conclusion, continuum simulations of the phase
transformation of achiral nematic droplets with weak
homeotropic anchoring were found to predict a chiral
symmetry-breaking dynamic mechanism in the relax-
ation of the droplet to a stable uniform texture. Ad-
ditionally, it was found that the use of full anisotropy in
nematic elasticity, corresponding to 5CB in the present
simulations, is required to observe the twisting relaxation
mechanism. In this case, as is true with the class of
LC-exhibiting cyanobiphenyl compounds [33], twist de-
formations are energetically favorable compared to splay
and bend. However, a more complex relationship be-
tween the nematic elastic constants governing this dy-
namic mechanism could exist as was found in ref. [2] for
equilibrium textures. Finally, the frequently used single-
constant elasticity approximation, in which splay, twist,
and bend elasticity parameters are assumed equal, is in-
sufficient to predict this relaxation mechanism.
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